A thermodynamic formalism is developed to calculate the pyroelectric coefficients of epitaxial ͑001͒ Ba 0.6 Sr 0.4 TiO 3 ͑BST 60/40͒ and Pb 0.5 Zr 0.5 O 3 ͑PZT 50/50͒ thin films on ͑001͒ LaAlO 3 , 0.29 LaAlO 3 :0.35(Sr 2 TaAlO 6 ) ͑LSAT͒, MgO, Si, and SrTiO 3 substrates as a function of film thickness by taking into account the formation of misfit dislocations at the growth temperature. The role of internal stress is discussed in detail with respect to epitaxy-induced misfit and thermal stresses arising from the difference between the thermal expansion coefficients of the film and the substrates. It is shown that the pyroelectric coefficients steadily increase with increasing film thickness for BST 60/40 and PZT 50/50 on LSAT and SrTiO 3 substrates due to stress relaxation by misfit dislocations. Large pyroelectric responses ͑ϳ1.1 C/cm 2 K for BST 60/40 and ϳ0.3 C/cm 2 K for PZT 50/50͒ are theoretically predicted for films on MgO substrates at critical film thicknesses ͑ϳ52 nm for BST 60/40 and ϳ36 nm for PZT 50/50͒ corresponding to the ferroelectric to paraelectric phase transformation. Analysis shows that the pyroelectric coefficients of both BST 60/60 and PZT 50/50 epitaxial films on Si substrates are an order of magnitude smaller than corresponding films on LaAlO 3 , LSAT, MgO, and SrTiO 3 substrates.
I. INTRODUCTION
Application of ferroelectric materials in infrared ͑IR͒ detectors continues to be of importance due to their ability to provide economical pyroelectric detectors and thermal imaging devices; attributed to their ability to be used successfully at ambient temperatures, thereby eliminating the need for expensive cooling systems.
1- 4 The use of ferroelectric detectors having low thermal mass ͑thin film form͒ with small specific heat and high sensitivity, enhances their speed of response. Optimally, it is desirable to produce low cost, compact, sensitive, and fast responding IR detector ferroelectrics as large hybrid arrays of ferroelectric IR detectors coupled with silicon microelectronic elements. In most cases, this requires integration of ferroelectrics in thin film form with Si integrated circuits. 5 Ba 0.6 Sr 0.4 TiO 3 ͑BST 60/40͒ and Pb 0.5 Zr 0.5 TiO 3 ͑PZT 50/ 50͒ are considered leading candidates as the active materials for pyroelectric sensors because these compounds provide a relatively large response at room temperature ͑RT, 25°C͒. 6, 7 This is because BST 60/40 undergoes a paraelectricferroelectric transition close to RT; likewise, minor additions of elements such as Nb, Ta, and La brings the paraelectricferroelectric phase transformation in PZT 50/50 thin films close to RT, thus initiating a nonlinear pyroelectric response at RT for both materials.
The typical pyroelectric coefficient of a ferroelectric single crystal is ϳ1 C/cm 2 K. 8 However, experimental values of the pyroelectric coefficient obtained for ferroelectric thin films, as reported in the literature, range between 0.01 to 0.5 C/cm 2 K. 3, 6, 9, 10 The substandard performance of thin film ferroelectric materials is not specific to only the pyroelectric response but to nearly all their electrical and electromechanical properties. Inferior properties of ferroelectric thin films are usually attributed to the presence of microstructural and compositional inhomogeneities, defects, and internal stresses. 11 In homogeneous epitaxial single-domain ferroelectric thin films, internal stresses arise due to a variety of reasons, including the lattice mismatch between the film and the substrate, the difference in thermal expansion coefficients ͑TECs͒ of the film and the substrate, the self-strain of the paraelectric-ferroelectric phase transformation if the material is deposited above the phase transformation temperature, defects such as dislocations and vacancies, and dimensional changes in the film caused during the deposition.
The effects of internal stresses on the electrical and electromechanical properties have been experimentally and theoretically investigated for a number of ferroelectric systems. For epitaxial single-domain ferroelectrics 12 and relaxor ferroelectrics 13, 14 the role of internal stresses on a variety of physical, electrical, and electromechanical properties were determined experimentally. For ͑001͒ BST 60/40 thin films on 0.29•LaAlO 3 :0.35•(Sr 2 TaAlO 6 ) ͑LSAT͒ substrates, significant improvement in the dielectric response was observed as a function of increasing film thickness, associated with the relaxation of in-plane compressive stresses via misfit dislocation formation. 15 X-ray diffraction and Raman scattering revealed a shift in the Curie temperature from 17 to 82°C in heteroepitaxial ͑001͒ BST 70/30 thin films deposited on ͑001͒ MgO. 16 The shift of phase transition temperature is attributed to the two-dimensional compressive stresses imposed on the film by the substrate. In another study, a gain of 23% in capacitance after removal of residual stresses in BST 70/30 thin films was observed. 17 Li et al. 18 reported an increase in the dielectric constant with increasing in-plane compressive stress, which in turn decreased with increasing thickness of BST 50/50 thin films grown on ͑001͒ MgO. At low temperatures, a high value ͑increase of ϳ90%͒ of tunability was observed, attributed to a tensile strain ͑in the direction of the applied electric field͒ in epitaxial SrTiO 3 thin films deposited on metal-insulator-oxide Au/SrTiO 3 / SrRuO 3 /LaAlO 3 heterostructures. 19 The electromechanical properties of Pb 1.0 (Nb 0.04 Zr 0.28 Ti 0.68 )O 3 ͑PNZT͒ epitaxial films were recently studied and a remarkable recovery in the piezoelectric coefficient associated with the relaxation in internal stresses was theoretically predicted and experimentally verified for ferroelectric ''islands'' delineated via focused ion-beam milling. 20, 21 Theoretically, the effect of epitaxy-induced internal stresses on the phase transformation characteristics and physical properties has been analyzed using a LandauDevonshire ͑LD͒ thermodynamic model. 22 Using this formalism, the role of internal stresses on the dielectric properties and the tunability of barium strontium titanate films 23, 24 as well as the piezoelectric properties of lead zirconate titanate ͑PZT͒ epitaxial thin films 25 has been discussed. In a recent article, we have developed a thermodynamic model to analyze the effect of internal stresses on the pyroelectric response in epitaxial ferroelectric films. 26 Our preliminary findings show that the pyroelectric coefficient is strongly dependent on the misfit strain. A large pyroelectric coefficient of 0.65 C/cm 2 K was predicted for ͑001͒ BST 60/40 at a critical misfit strain of 0.05%. The aim of this article is to extend the theoretical model and analyze the combined effect of the internal stresses due to lattice and thermal expansion mismatch between film and substrate of epitaxial single-domain ͑001͒ BST and PZT thin films as a function of film thickness. Quantitative estimations of the pyroelectric response for films on different substrates as a function of the film thickness is provided, thereby serving as a guide for the selection of film and substrate materials as well as appropriate growth conditions for future experimental work.
II. THERMODYNAMIC THEORY
Consider a thin single-domain ferroelectric film that undergoes a cubic ͓ Pm3m͔ to tetragonal ͓ P4mm͔ phase transformation upon cooling, deposited on a cubic substrate such that (001) film //(001) substrate at a growth temperature T G higher than the phase transformation temperature. We define a Cartesian coordinate system with the principal axes x 1 //(100) film , x 2 //(010) film , and x 3 //(001) film . If the thickness of the substrate is much larger than the film thickness, the internal stresses are concentrated in the film and the substrate is stress free. For such a configuration, the LD potential can be expressed in a renormalized form as an expansion in terms of the polarization P i (iϭ1, 2, 3 corresponding to polarization vectors parallel to x 1 , x 2 , and x 3 , respectively͒, the applied electric field E i (iϭ1,2,3), and the misfit strain in the x 1 Ϫx 2 plane, defined as u m ϭ(a S Ϫa 0 )/a S , where a S is the substrate lattice parameter and a 0 is the equivalent cubic cell constant of the free standing film, as where a 1 is the dielectric stiffness, a i j and a i jk are higher order stiffness coefficients at constant stress, Q i j are the electrostrictive coefficients, and S i j the elastic compliances of the film ͑the tensor quantities are in the contracted notation throughout͒. The temperature dependence of the dielectric stiffness a 1 is given by the Curie-Weiss law, a 1 ϭ(T ϪT C )/2⑀ 0 C, where T C and C are the Curie-Weiss temperature and constant of a bulk ferroelectric, respectively, and ⑀ 0 is the permittivity of free space. The parameters used for calculating the renormalized coefficients are listed in Tables I  and II The formation of six distinct phases due to the change in the symmetry as a result of the mechanical boundary conditions is predicted theoretically, compared to only three phases in single crystals. 22 These six phases are the paraelectric phase ( P 1 ϭ P 2 ϭ P 3 ϭ0), the c-phase ( P 1 ϭ P 2 ϭ0, P 3 0), the a-phase ( P 1 0, P 2 ϭ P 3 ϭ0), the ac-phase ( P 1 0, P 2 ϭ0, P 3 0), the aa-phase ( P 1 ϭ P 2 0, P 3 ϭ0), and the r-phase ( P 1 ϭ P 2 0, P 3 0). The unusual phases ͑the a-phase, aa-phase, ac-phase, and r-phase͒ are in essence orientational variants of the tetragonal and the orthorhombic ferroelectric phases that are observed in bulk BaTiO 3 ceramics and single-crystals in succession with decreasing temperature with the exception of the r-phase. The c-and a-phases are tetragonal ͑space group P4mm), the aa-and ac-phases are orthorhombic ͑space group Amm2) and the r-phase is monoclinic ͑space group Pm) compared to the rhombohedral phase with P 1 ϭ P 2 ϭ P 3 0 ͑space group R3m).
In Fig. 1 , we present the temperature-misfit strain phase diagrams for BST 60/40 and PZT 50/50 epitaxial films. The details regarding the construction of these phase diagrams are discussed elsewhere. 22, 23, 25 The stable phases in BST 60/40 films at RT are the c-phase, the paraelectric phase, and the aa-phase ͓Fig. 1͑a͔͒. In the case of PZT 50/50 films, the stable phases at RT are the c-phase, the r-phase, and the aa-phase ͓Fig. 1͑b͔͒.
At RT, bulk BST 60/40 is paraelectric and does not exhibit spontaneous polarization while PZT 50/50 is ferroelectric; however for the latter, the crystal structure of the ferroelectric PZT phase is still not completely understood. 25, 28, 29 According to theoretical predictions, epitaxial films of BST 60/40, however, may be ferroelectric depending on the misfit strain as shown in Fig. 1͑a͒ . Similarly, for epitaxial PZT 50/50 films, internal stresses may result in the reorientation of the spontaneous polarization vector, giving rise to a series of phase transitions from the c-phase to the aa-phase with increasing misfit strain ͓see Fig. 1͑b͔͒ .
The polarization component perpendicular to the filmsubstrate interface may be obtained by minimizing Eq. ͑1͒ with respect to out-of-plane polarization, P 3 ϭ P S c-phase: P S ϭͱϪa 3 */2a 33 In the presence of a uniform applied electric field E 3 normal to the film substrate interface, the pyroelectric response p along the x 3 -direction is given as the sum of the variation of the spontaneous polarization and the dielectric permittivity ⑀ along x 3 with the temperature
where D is the dielectric displacement.
For the c-phase 
III. RESULTS AND DISCUSSION
In epitaxial films, the magnitude of the internal stress is a function of the film thickness h. This is due to the relaxation of lattice mismatch-induced stresses by the formation of misfit dislocations during the film growth. Based on a thermodynamic model, Matthews and Blakeslee 30 predict a critical film thickness h corresponding to the onset of misfit dislocations. At the deposition temperature T G , the equilibrium linear misfit dislocation density is given as
where h is the film thickness. If no additional dislocations form during cooling, then an ''effective'' substrate lattice parameter, ā S can be defined as
which can then be used to calculate the misfit strain instead of the actual lattice parameter.
To study the pyroelectric effect of different substrates with varying film thickness the following substrates were chosen: LaAlO 3 , LSAT, MgO, SrTiO 3 , and Si. Table II lists the lattice parameters and TECs of film and substrate materials at RT. Deposition temperatures are taken as 800 and 600°C for BST 60/40 and PZT 50/50 thin films, respectively. For BST 60/40 and PZT 50/50, the theoretical MatthewsBlakeslee critical thickness is calculated for the five substrates and is listed in Table III . Figures 2͑a͒ and 2͑b͒ show the misfit strain as a function of the film thickness for BST 60/40 and PZT 50/50 films, respectively. For all cases, a steep decrease in the magnitude of strain is predicted due to the formation of misfit dislocations at the critical thickness. LaAlO 3 , LSAT, and SrTiO 3 exert compressive stresses while MgO and Si exerts tensile stresses on pseudomorphic films. With increasing film thickness, the magnitude of the internal stresses is reduced significantly to a level corresponding to a remnant stress state determined by the TEC difference.
Figures 3͑a͒ and 3͑b͒ reveal the behavior of out-of-plane spontaneous polarization as a function of film thickness for BST 60/40 and PZT 50/50 thin films. A large drop in spontaneous polarization is predicted at the critical film thickness for BST and PZT thin films on LaAlO 3 , LSAT, and SrTiO 3 substrates. This is due to the relaxation in the magnitude of the compressive stress experienced by various substrates. For substrates exerting compressive stresses, the calculated value of the out-of-plane spontaneous polarization for PZT 50/50 for ultra-thin films ͑ϳ10 nm͒ is more than the bulk value of spontaneous polarization. This is in agreement with the experimental values reported by Foster et al., 31 thus substantiating the enhancing role of compressive strain on the polarization in epitaxial films. Close examination of Figs. 3͑a͒ and 3͑b͒ further reveals that in the case of MgO as the substrate, there is no out-of-plane spontaneous polarization up to a certain thickness ͑52 nm for BST 60/40 and 35 nm for PZT 50/50͒, after which a steep rise is expected. This is due to the interplay between the relaxation by misfit dislocations and the thermal stresses. Initially, tensile stresses are dominant due to the larger lattice parameter of MgO compared to BST 60/40 and PZT 50/50. But after the formation of misfit dislocations, tensile stresses due to the lattice mismatch are relaxed and compressive stresses due to difference in TECs dominate, resulting in a net compressive stress at RT, which in turn generates an out-of-plane spontaneous polarization. Figure 3͑a͒ also shows a state of zero out-of-plane spontaneous polarization in BST 60/40 on a LaAlO 3 substrate after a thickness of ϳ250 nm. This can be explained by similar arguments as in the case of MgO, but here the TEC difference between film and substrate generates tensile stresses compared to the initial compressive lattice mismatch. Thus, as the film thickness increases, the resulting compressive misfit strain decreases below ϳ0.05% at which there is a phase transition from the c-phase to the paraelectric phase, thereby resulting in zero out-of-plane spontaneous polarization.
The pyroelectric response of BST 60/40 and PZT 50/50 films on various substrates as a function of film thickness are shown in Figs. 4͑a͒ and 4͑b͒ , respectively, with an applied electric field E 3 ϭ10 kV/cm. The pyroelectric coefficient is calculated via Eqs. ͑6͒-͑13͒, taking into account the temperature dependence of both the spontaneous polarization and the dielectric constant in the presence of an applied field. It should be noted that the role of the applied electric field to the overall pyroelectric coefficient is relatively small due to the overwhelming contribution of the spontaneous polarization within the stability regions of the ferroelectric phases. For BST 60/40 thin films on LSAT and SrTiO 3 substrates, the pyroelectric coefficient increases with increasing film thickness. The interplay between the stress relaxation by misfit dislocations and the thermal stresses that develop during cooling from the deposition temperature results in a change in the stress state at a certain critical film thickness in BST 60/40 films on MgO ͑ϳ52 nm͒ and LaAlO 3 ͑ϳ264 nm͒ substrates and in PZT 50/50 on MgO ͑ϳ36 nm͒ substrates. The change in the stress state gives rise to a c-phase ↔paraelectric phase and c-phase↔r-phase transformation for BST 60/40 and PZT 50/50 films, respectively ͓see Figs. 1͑a͒ and 1͑b͔͒, reflected as anomalies in the pyroresponse as shown in Figs. 4͑a͒ and 4͑b͒ . Therefore, significant enhancement in the pyroresponse should be expected in BST 60/40 on MgO and LaAlO 3 and PZT 50/50 on MgO in the vicinity of the critical film thickness. The pyroelectric response of BST 60/40 on MgO is relatively weak below 52 nm since the misfit strain is tensile and thus there is no out-of-plane component of the spontaneous polarization. Pyroelectric coefficients for BST 60/40 and PZT 50/50 thin films were also calculated with ͑001͒ Si as the substrate. However, due to large difference in the lattice parameters and TECs of Si and BST 60/40 and PZT 50/50 ͑Table II͒, there are high tensile stresses within these films resulting in no contribution by the out-of-plane spontaneous polarization to the pyroelectric response. The pyroresponse of BST 60/40 and PZT 50/50 on Si ͑not included͒ increases with film thickness, leveling off at around 250 nm corresponding to the maximum relaxation by misfit dislocations. The behavior is quite similar to BST 60/40 on SrTiO 3 substrate but with a typical pyroresponse in the range of 0.001-0.004 C/cm K depending on the film thickness.
The theoretical values of pyroelectric coefficient are in agreement with typical experimental values. In particular, the calculated value of pyroelectric coefficient for BST 60/40 films is around 0.2 C/cm K for relatively thick films (h Ͼ150 nm) at RT except on LaAlO 3 . This is in agreement with the experimentally reported values of 0.18 C/cm K for 550 nm thick BST 64/36 films deposited on Pt at 30°C. 9 For PZT 50/50, the theoretical value of pyroelectric coefficient is around 0.07 C/cm K for relatively thick films (h Ͼ150 nm) which compares well with experimentally reported values of 0.06 C/cm K for 1 m thick PZT 50/50 on Pt/Ti/SiO 2 10 and 0.04 C/cm K for 550 nm thick PZT 30/70 on Pt/Ti/Si 3 N 4 /SiO 2 /Si(100) at RT. 6 It should be noted that there would be a shift in the phase transformation temperature ͑compared to the material in single-crystal form͒ from the cubic paraelectric phase to the tetragonal ferroelectric c-phase as a result of the internal stresses. The shift in the Curie temperature ⌬T C ϭTϪT C as a function of the misfit strain is given by
which can be obtained by setting a 3 *ϭ0 in Eq. ͑2͒. Accordingly, compressive in-plane strains should stabilize the ferroelectric phase at RT by shifting the transition temperature to higher temperatures (⌬T C Ͼ0 since both u m Ͻ0 and Q 12 Ͻ0). Tensile in-plane strains should result in the lowering of the transformation temperature and thus stabilizing the paraelectric phase. Considering that the pyroresponse is the highest at a temperature in the vicinity of the phase transformation temperature, it is also possible to obtain enhanced pyroresponse by varying the operating temperature. In addition, the transformation temperature is a strong function of the film thickness since the extent of reduction in u m via misfit dislocation formation depends on the film thickness. These aspects will be discussed in detail in a future article. In order to emphasize the importance of the thermal stresses that result due to the TEC mismatch, consider a highly ͑001͒-oriented polycrystalline film on a cubic substrate. If the grain size D is equal to or smaller than the film thickness h, internal stresses due to lattice mismatch between the film and the substrate are relatively small and can be neglected. As the film is cooled from T G , however, thermal stresses develop. The thermodynamic potential in Eq. ͑1͒ for this case is reduced to a relatively simpler form describing the phase transformation characteristics of only the cubic paraelectric phase and the tetragonal ferroelectric c-phase. Other phases are unlikely to form, as this would be energetically unfavorable. In particular, a rotation of the polarization vector would result in electrically charged grain boundaries creating depoling fields as well as elastic fields due to the electrostrictive coupling between the polarization and the strain. In the above expression, u T is the strain due to thermal expansion mismatch, given by:
where ␣ film and ␣ substrate are the TECs of the film and substrate, respectively, and ⌬T is the difference between deposition temperature T G and RT. The renormalized coefficients are given by Eq. ͑2͒, substituting u T for u M . Figures 5͑a͒ and 5͑b͒ show the out-of-plane spontaneous polarization calculated for BST 60/40 and PZT 50/50 polycrystalline films on various substrates as a function of deposition temperature, T G , respectively. For ͑001͒-textured BST 60/40 polycrystalline thin films on various substrates only MgO substrate exerts significant compressive thermal stresses to generate out-of-plane polarization during cooling to RT. Because of this reason, the pyroelectric coefficient of BST 60/40 is considerably higher on MgO compared to LaAlO 3 , LSAT, and Si substrates, for which there is only a contribution from the temperature dependence of the dielectric constant to the pyroelectric response. For ͑001͒-oriented PZT 50/50 polycrystalline thin films, compressive thermal stresses are generated when the film is deposited on LaAlO 3 , LSAT, and MgO. Thus, the out-of-plane polarization contributes significantly to pyroelectric response of PZT 50/50 on LaAlO 3 , LSAT, and MgO substrates. It should be noted that since the TEC of SrTiO 3 is the same as that of LSAT ͑Table II͒, pyroelectric response of polycrystalline BST 60/40 and PZT 50/50 films on SrTiO 3 is expected to be the same as those grown on LSAT under similar conditions. The limitations of this theoretical approach have been discussed in detail elsewhere. 23 One of the primary parameters of the analysis is the critical film thickness for dislocation formation. The misfit dislocation model of Matthews and Blakeslee is the result of a thermodynamic formalism and thus the real critical thickness for dislocation formation and the linear equilibrium dislocation density may differ significantly from the actual observed values because of kinetic factors controlled by how the misfit dislocations are generated at the interface. A variation in the critical thickness for misfit dislocation generation should in turn alter the critical thickness for maximum pyroresponse ͓Figs. 4͑a͒ and 4͑b͔͒ but not the value of the critical misfit strain corresponding to the c-phase↔paraelectric phase and c-phase↔r-phase transitions for BST 60/40 and PZT 50/50 films, respectively ͓see Figs. 1͑a͒ and 1͑b͔͒.
It should be noted that the developed model could be adapted to describe inhomogeneous distribution of the polarization due to surface effects as well as compositional variations by adding a gradient ͑Ginzburg͒ term of the form A i jkl (" i P j •" k P l ) to Eq. ͑1͒. This term represents an additional energy from the nonuniform distribution of the polarization and serves to damp out spatial variations in polarization. 32, 33 For gradients in only one direction, the Ginzburg term is reduced to A(dP/dz) 2 and the coefficient A can be approximated as ␦ 2 ͉␣͉, where ␦ is the characteristic length along which the polarization varies.
IV. SUMMARY AND CONCLUSIONS
In summary, a theoretical formalism was used to understand the combined effect of lattice misfit and thermal stresses on the pyroelectric response of single-domain ferroelectric thin films. Based on a modified LD phenomenological analysis, the pyroelectric coefficient as a function of film thickness was quantitatively calculated for BST 60/40 and PZT 50/50 on various substrates taking into account the stress relaxation via the formation of the misfit dislocation at growth temperature. The pyroelectric coefficient was found to be strongly dependent on the choice of substrate material and film thickness. While the analysis in this article is focused on BST 60/40 and PZT 50/50, it is evident that such a methodology can very well be extended to other BST and PZT compositions and other ferroelectric thin films. Therefore, this work provides the basis for analyzing pyroelectric response of ferroelectric thin films and provides guidelines for choice of substrate and film thickness with respect to lattice parameter and TEC for obtaining optimum pyroelectric response.
One of the important conclusions of this article concerns the pyroresponse of ferroelectric films on Si substrates. Due to the large differences in both the lattice parameters and the TECs, ferroelectric films on Si will be highly influenced by extremely high in-plane tensile stresses. The effect of the difference in the TECs becomes more pronounced especially if the film growth is carried out at relatively high temperatures. Even for polycrystalline films on Si, thermal stresses alone should result in a variation in the phase transformation temperature, stabilizing the paraelectric phase, and thereby significantly reducing the pyroelectric response as shown in this report. This one-to-two orders of magnitude degradation in the pyroresponse poses a major challenge to any current and potential application of ferroelectrics as any device application requires integration with Si ICs. One way of reducing the effect of internal stresses is obviously by depositing one or more appropriately selected buffer layers as to ''screen'' the substrate from the film. The selection of the buffer layers should be chosen in such a way that the ferroelectric film should be in in-plane compression at the deposition temperature as to compensate for the tensile thermal stresses that will develop as the heterostructure is cooled to ambient temperatures. Therefore, in addition to the lattice parameter͑s͒ of the buffer layer͑s͒, the critical parameters that will eventually affect the stress state and the magnitude of the internal stresses in the film are the thickness͑es͒ and the TEC͑s͒ of the buffer layer͑s͒.
